In this review, an overview of cracks and interfacial voids formed in membrane electrode assemblies in polymer electrolyte fuel cells is presented. State-of-the-art of findings on formation processes of the cracks and the voids are described together with recent advances on development of characterization and diagnostic tools. The drawbacks and potentials of the cracks and the interfacial voids in the MEAs are also discussed. The cracks and the voids possibly deteriorate cell performance due to less electrical contact in the MEAs. On the other hand, the cracks can enhance the liquid and the gas transport in the MEAs that is better for PEFCs. Finally, future perspectives and remaining challenges concerned with the cracks and the interfacial voids are addressed.
Introduction
Polymer electrolyte fuel cells (PEFCs) are one of the potential candidates as future power sources for automobile applications while they have been already commercialized for stationary applications as electricity and heat co-generation systems and have increased its market share. PEFCs show high energy efficiency offering better fuel economy and lowtemperature operation vital for swift startup and shutdown. However, for both automobile and stationary applications, further developments on cells and stacks are of great importance mainly to achieve cost reduction of the systems. In a cost analysis of PEFC system for automobile applications at high production volume (500,000 systems per year), fractional cost reflected by membrane electrode assembly (MEA) and gas diffusion layer (GDL) contributes to as much as 65% of the total cost of the fuel cell stack as shown in Fig.1 (Spendelow and Marcinkoski, 2013) . This estimation suggests further reduction of material and production cost of the MEAs and GDLs needed, although material reduction in general, e.g. less Pt loading, thinning membrane, etc., potentially causes less durability of the fuel cell stack.
To maintain cell performance and durability with less fuel cell materials, a variety of approaches to further utilize fuel cell materials embedded in the cells is needed. Water flooding under high current density operation is a possible cause to the lower Pt utilization due to reducing effective electrochemical surface area of loaded Pt particles in the electrodes. This is attributed to an insufficient supply of reactant gas caused by pores in the electrodes filled with liquid water. Accordingly, water management in PEFCs is still a remaining challenge to improve cell performance and cost. Ensuring proton and electron transport path is also of great necessity to maximize Pt utilization as high as possible. An efficient supply of reactant gas, proton and electron to the reaction sites in the electrodes can be achieved by better design and fabrication of the electrodes.
A schematic view of a PEFC is shown in Fig.2 . PEFC has a layer-by-layer structure consisting of bipolar plates (BPs), gas diffusion layers (GDLs), microporous layers (MPL), catalyst layers (CLs) and polymer electrolyte membrane (PEM). Each layer having different compositions and morphologies offers its functionalities necessitated in the fuel cell. Ideally, reactant gasses, protons and electrons can reach reaction sites uniformly in the electrodes mainly by molecular diffusion, ion and electron conducting processes. However, each transport process might be locally deteriorated due to poor connectivity of each transport path.
Cracks (defects in other words), and interfacial voids in the MEAs have been recognized as potential sources on these issues and have been gathering much attention more recently. These are generated as a result of both fabrication and operation process of the fuel cells, affecting fuel cell polarization. Although a rapid growth of accumulated knowledge and findings on the cracks and the interfacial voids in the MEAs, to the best of the authors' knowledge, there is no attempt to review recent advances on fundamental understandings of those in the MEAs and its practical aspects. As shown in the followings, the cracks and the voids in the MEAs have not only negative aspect, i.e. degrading cell performance, but also positive aspect, i.e. liquid water drainage and storage. We believe that better understandings on these aspects will give further assistance to build up strategies to either suppress or control cracks and interfacial voids in the MEAs. In this review, we at first briefly give morphology of the cracks and the interfacial voids reported in the literature and focus our attention on generation processes of cracks and interfacial voids in the MEAs. Characterization and modeling approaches are then covered in the following section. Finally, future perspectives and challenges aiming to suppress and control the cracks and the interfacial voids in the MEAs are presented.
Morphology of the cracks and the interfacial voids in the MEAs
Catalyst layers (CLs) and microporous layers (MPLs) have highly porous structure, because higher gas diffusivity attributed to its high porosity is desirable for better fuel cell performance. Catalyst layer consisting of Pt-loaded carbon particles and ionomer is about 5-10m in thickness. Typical sizes of carbon and platinum particles are about 20-50nm and 2-5nm, respectively. Although ionomer plays a role not only as an ion conducting material but also as a binder in the catalyst layer, the CL itself is very brittle and fragile. Thereby, the CL is used as being attached on either polymer electrolyte membrane or gas diffusion medium. However, cracks formed in the CL are often observed as shown in Fig.3 . Oblique Soft X-Ray Tomography visualized cracks in both the CL and the MPL in the MEA. High-resolution tomographic images can be found in the literature (Deevanhxay, et al., 2014) . As discussed below, these cracks are generated by two possible routes, i.e. fabrication and operation of the fuel cells. Crack size is found to be in a wide variety Fig. 1 Estimated fuel cell stack cost at 1,000 and 500,000 systems per year (Spendelow and Marcinkoski, 2013 from sub-micron to tens of microns as seen in the images, and this must depend on a course of crack generation process. An influence of cracks in the MPL on fuel cell performance would be different from those in the CL, because the MPL is functionalized in order to manage water and electron transport more efficiently as seen in the following section.
Interfacial voids formed at the interface between two different layers in the MEA are another influential factor unintentionally affecting cell performance. Because of its layer-by-layer structure of the MEA, a partial delamination of one layer from the other potentially happens at the interface. Figure 4 shows scanning electron micrographs of the crosssectional view of MEAs with or without delamination. As seen in the SEM image, delamination at the interface between the CL and the MPL (CL|MPL) causes a void that apparently deteriorates electrical contact between two layers. Both external and internal stresses in the MEA are the candidates to generate an interfacial void. It also should be noted that without any stress applied, an interfacial void can be accompanied in the MEA due to a mismatching of two surface layers. Figure 5 shows a schematic view of interfacial gaps formed at CL|MPL presented in the literature (Hizir, et al., 2010) . The authors examined surface topology and roughness factors of the CL and MPL respectively by optical profilometry and found the peak height and valley depth of the CL and MPL surfaces comparable to their thickness. According to these observations, they pointed out an imperfect contact between these layers resulting in the formation of interfacial voids.
A mismatching of two different surfaces was also found at the interface between the GDL and the other. In the case of a MEA without MPL, a GDL directly contacts with a CL. Average pore sizes of the CL and the GDL are very different from each other. The CL has less than 100nm in pore diameter and the GDL has about 50m much larger than those in the CL. This provides an opportunity for liquid water retention at the GDL surface. Liquid water accumulation at the CL|GDL was revealed to affect cell performance (Deevanhxay, 2013a , Kotaka, 2014 . In the literature, it was also (Hizir, et al., 2010 indicated that an interfacial void between the GDL and the bipolar plate (GDL|BP) leads to increase water storage capacity (Swamy, 2011) . In the next section, we discuss how these cracks and interfacial voids are formed in the MEAs to assess the possibilities to suppress and control the cracks and voids.
Formation of the cracks and the interfacial voids in the MEAs
Formation of cracks and interfacial voids can be categorized into the two as the followings: (1) manufacturing process and (2) operating process of PEFCs. Manufacturing process covers fabrication of MEAs and assembly of cells and stacks. For example, in the fabrication process of MEAs, catalyst ink is coated or sprayed onto a substrate and then a porous electrode of catalyst layer is formed after solvent being removed chemically or physically. Many factors are associated with this process and affects a quality of final products as the MEAs. To complete a layer-by-layer structure of the MEAs, thermal treatment with an induced pressure, i.e. hot pressing, is applied to the MEAs to secure electrical contact and integrity of the components. This leads to deformation of the MEAs. MEAs also experiences inhomogeneous compression forces by being sandwiched with bipolar plates where gas channels are finely machined.
During the operation of PEFCs, degradation of the MEAs is potentially related with crack and void formation in the MEAs. Both in-situ and ex-situ accelerated degradation tests (ADTs) have been performed to MEAs to obtain fundamental understandings of degradation mechanism and mitigating methods. Freeze and thaw cycles simulating cold startup and shutdown in a sub-zero temperature environment are well recognized to induce cracks and interfacial voids in the MEAs Mench, 2007, Lim, et al., 2010) . Relative humidity (RH) cycling and load cycling are also reported to cause degradation of the MEA with mechanical damages (Hashimasa, et al., 2014 , Wu, et al., 2014 . As both manufacturing and operating process of PEFCs gives rise to cracks and void formation in MEAs, we are going to revisit recent findings in the literature in the following section.
Manufacturing process
The basic idea of design and fabrication of PEFC electrodes are summarized in the literature (Lister and McLean, 2004) . A significance on manufacturing process to suppress crack formation has been well recognized earlier in industrial sectors. Several patents related with catalyst ink formation and fabrication process of CLs aiming to crack-free electrodes have been submitted since 1990's. Physical and chemical treatments are to be utilized for the purpose of suppression of crack formation in CLs.
Preparation of catalyst ink with well-determined chemical compositions and additives (Seki, 1996 , Matsubara and Niimi, 2003 , Ohashi, 2003 , Fujio, 2013 ) is a possible approach to prevent crack formation from the paste of catalyst particles, ionomer and solvent mixture. Selecting chemical compositions and additives and blending them with an appropriate ratio enables to control macro-and microscopic interactive forces in the catalyst ink. Because large and inhomogeneous interfacial tension might induce lateral displacement of catalyst paste under drying process, resulting in cracks in the electrode. Decreasing surface tension and increasing viscosity of the catalyst ink are thereby useful to less crack formation. Additives can be used for mitigating formation of aggregates and agglomerates of the catalyst particles that potentially induces crack formation.
Covering sheets and films over the catalyst paste is another option. This might be effective to control the process for removing solvents from the catalyst paste as uniform as possible with a physical constraint applied. However, this approach inherently needs peeling a substrate with the fabricated electrode off a sheet or film after drying the paste (Hamada and Miyake, 1997 , Mizutani, 2007 , Fujiwara, 2009 .
Publications in the public domain have been increasing in these days. Komada et al. focused on preparation conditions of slurry for catalyst layers and applied pressure-controlled drying techniques in order to avoid crack formation by reducing drying rate (Komada, et al., 2009) . They found the small and large pores in the catalyst layers as observed in the literature (Watanabe, et al. 1985 , Uchida et al., 1995 and the sizes of large pores strongly depends on the mixing time. They reported the cracks ranging from 10 or 100m observed on the surface of the catalyst layers and indicated that the large pores included both cracks and the spaces between aggregates. The longer mixing time lead to decrease in the crack formation prepared from the different slurries, volume fraction of Pt/C of those were controlled at 0.018 and 0.035, respectively. These observations suggests that the preparation conditions of slurry, especially on the mixing process, intensively affect the crack formation of the electrodes. Catalyst ink composition directly affects microstructure of the catalyst layer. Among those ingredients needed for the catalyst ink, solvents are possible choice for selection to improve the quality of formed catalyst layer. In typical decal transfer process used to form catalyst layers (Xie, et al. 2004a) , the solvents must provide better printability of the catalyst ink on the decal. Isopropyl alcohol, glycerol and other glycerol-like solvents have been applied as the solvents (Xie, et al. 2004b , Chisaka and Daiguji, 2006 , Saha et al., 2010 . Jung et al fabricated MEAs in a variety of the solvent-to-carbon ratio (SCR) and Nation-to-carbon ratio (NCR) to improve cell performance . The authors showed the cracks caused by underlying cracks in a GDL when the catalyst layer was coated on the GDL. On the other hand, the decal transfer method showed its advantage on less crack formation in the catalyst layer, although low glycerol-to-carbon ratio (GCR) lead to the cracks as large as 20m. As shown in Fig. 6E , surface of the catalyst layer by decal transfer with high glycerol content (GCR=18.0) exhibited no sign of cracks, indicating that Pt/C being less agglomerated and dense morphology.
Chemical additives to the catalyst ink have been applied to obtain a well-dispersed catalyst ink (Uchida, et al., 1995 , Komada, et al., 2009 , Cho, et al., 2011 . A dispersant additive can enhance stability of a suspension that is useful to achieve an uniform electrode for PEFC application. Effects of a dispersing agent on the rheological behaviors of the catalyst ink were examined (Cho, et al., 2011) . The authors investigated the viscosity of the catalyst ink with and without the additives, because a well-dispersed suspension shows lower viscosity and thereby is a good indicator to prove an improvement of the dispersion. The higher viscosity was observed with the additive in the ink and less crack formation from the catalyst ink with the additive was shown as Fig. 7 . To explain these observations, the authors suggested that the volume fraction of the agglomerates without the additives decreased with time, leading to lower viscosity. This gave rise to less dispersion of particles and inhomogeneous mixture with particle sedimentation, resulting in the crack formation.
According to results mentioned above, an important role of the solvents and additives to suppress crack formation can be emphasized. Hence, homogeneous dispersion of the catalyst ink with appropriate viscosity favored for uniform electrode fabrication can be achieved by optimal preparation of the catalyst ink with the solvents and additives.
Cracks of MPLs have been also gathering much attention recently. MPLs are functioned for enhanced transport of reactant gasses and water with ensuring good electrical contact between CL and GDL. Thereby, degradation of MPLs with unintended crack formation might cause deterioration of cell performance. Less observation in relation with crack formation under MPL preparation process can be found in the literature (Chun, et al., 2012 . Typically, MPLs were fabricated by mixing carbon powder, PTFE dispersion, isopropyl alcohol and distilled water and then applying to a GDL. Zhao et al. reported that preparing the MPL slurry with carbon powder, 60wt.% of PTFE and alcohol, the fabricated MPL onto the carbon paper substrate was embedded with cracks. Chun et al. pointed out that cracks on the surface of MPL were formed due to the drastic volume change of the MPL slurry during the drying process. They used a water-soluble polymer binder added to the MPL slurry and showed a fabrication of crack-free MPL.
Operating process
Under PEFC operation, MEAs should be exposed to a wide variety of sources leading to degradation. In a low temperature environment with freeze/thaw (F/T) cycles, formation of cracks and interfacial voids has been induced Mench, 2007, Lim, et al., 2010) . Ex-situ experiments under temperature variation between 70ºC and -40ºC with a water immersion revealed a fatal damage left in the MEA as shown in Fig.8 . Delamination of the CL was caused by F/T cycling that presumably initiated ice expansion at the CL/Membrane interface.
Damage of MEAs assembled in an operating fuel cell with F/T cycling was also investigated (Lim, et al., 2010) . Lim et al. examined an effect of cloth, felt and paper types of GDL applied to the MEAs on durability and performance of a fuel cell. The authors showed that the degree of influence of ice expansion ascribing to the MEA damage considerably depends on types of GDL supporting the MEA. The SEM images after 50 F/T cycles shown in Fig.9 indicates the felttype GDL was less damaged while the cloth-and the paper-type GDLs were accompanied with severe destruction of the electrode. It was also noted that the degree of electrode damage under the channel was much more severe than that under the rib of a bipolar plate in cases of the cloth-and the paper-type GDLs. The authors concluded that the mechanical stress caused by ice formation and extinction under F/T cycles can be mitigated by the felt-type GDL having higher bending stiffness.
A dynamic driving cycle, i.e. load cycling, was another degradation mode bringing a change of surface morphologies of the catalyst layer with crack formation (Lin, et al., 2009) . Figure 10 shows the surface of the cathode before and after 370h driving cycle operation. The driving cycle was designed with the consideration about cold starting, idle running, constant load running, variable load acceleration, full power running and overload running. The authors suggest that the degradation of MEA was attributed to the constant switch on/off and overloading applied to the fuel cell.
Relative humidity cycling was investigated in terms of deteriorating cell performance. In perfluorinated sulfonic acid membranes used for PEFCs, sufficient membrane hydration is necessary for better proton conduction. The membrane repeatedly experiences expansion in hydration state and shrinkage in dehydration state, depending on fuel cell operating mode and environmental conditions. This possibly causes deformation of the PEM and decreases its mechanical durability. Hashimasa et al. applied a humidity cycle ranging from 0%RH (2min)-150%RH (2min) to a MEA assembled in a single cell after an initial aging procedure (Hashimasa, et al., 2014) . Over 10,000 RH cycles caused an increase in cross leakage current and structural changes in the MEA. A portion of the Nafion 211 membrane and the 2m-in-thickness catalyst layer exhibited buckling distortion where a crack in the catalyst layer was found. A thicker CL with 10m in thickness was demonstrated to suppress mechanical deformation in the MEA. Fractures along a boundary of MEAs and cracks/delamination in the MEAs were also reported after relative humidity (RH) cycling and load cycling applied in an accelerated stress test (Wu, et al., 2014) .
Characterization of the cracks and the interfacial voids in the MEAs
Characterization of cracks and interfacial voids in the MEAs is of great importance to better understand formation process of them and dominating factors. Direct and indirect methods have been used to capture cracks and interfacial voids formed in the MEAs. As seen above, scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) can provide the details of micro structure of the MEAs with elementary analysis. However, SEM-EDS is ex-situ analysis, because a small sample should be cut out from a MEA before or after the test. More recently, cryo-SEM has been successfully applied to identify residual liquid water at the CL|MPL (Aoyama, et al., 2014) . The authors developed procedures of freezing liquid water in a MEA just after shutting off the cell operation and observed residual ice in the MEA by cryo-SEM technique. Ice formation at the CL|MPL was found, indicating that the interfacial voids provide space for liquid water trapping in the MEAs. Trapped liquid water in MEAs should affect cell polarization as discussed below.
A degradation of the MEAs under fuel cell operation can be detected by monitoring cell polarization and electrochemical techniques. These are indirect techniques to prove cracks and voids formation in the MEAs, because not only cracks and voids, but also other various factors affect cell performance and electrochemical behaviors. Open circuit voltage (OCV) or cross leakage current are often used to examine a degradation of MEAs with cracks, because an increase in cross leakage of reactant gases in the MEAs might be attributed to crack formation. Temporal increase in ohmic resistance of the cell possibly indicate a localized delamination in the MEAs, but it must need for higher sensitivity to detect a slight change of imperfect electrical contact in the cell.
Recent advances on X-ray computed tomography technique are remarkable for in-situ and ex-situ visualization of PEFCs. Direct visualization of the MEAs gives a profound insight on the cracks and interfacial voids formed in the MEAs with quantitative analysis. Synchrotron X-ray radiography was used to statistically analyze widths of cracks under the channel and under the ribs by applying an imaging processing with the radar method (Froning, et al., 2014) . The authors showed that the crack widths under the rib are much smaller than under the channel. This indicates that the region under the ribs experienced less deformation due to the compression by the bipolar plate and showed less crack formation. These observations are in good accordance with the SEM images presented in Fig.9 where many cracks are found in the region under the channel.
An ex-situ investigation on the MPL|GDL interface by using focused-ion-beam (FIB) SEM and X-ray CT techniques was presented in the literature (Wargo, et al., 2013) . It was observed that the MPL|GDL interface was over tens of microns in thickness. The authors indicated that the MPL|GDL interface was no distinct interface, but was the identical region between the core MPL region and the core GDL region. This suggests that an identical characterization and modeling of the MPL|GDL interface region might be needed to determine structure-related properties of the region for better understanding transport process in the MEA. Another tomographic analysis also revealed cracks mostly along the fibers of GDL in the MPL|GDL interface region . The authors showed cracks and holes in a felt-type GDL and presented a maximum width of cracks was about 50m and most cracks were aligned with the fibers of GDL. As visualized in Fig.11 , the protruding fibers initiated cracks in the MPL.
Aforementioned X-ray CT techniques required a small cut-out sample for performing a highly-resolved visualization, because conventional 3D reconstruction algorithms with a 360º rotation of the object were applied. This limits a versatility of the techniques used for PEFCs. It is by no means of ease to apply the technique to investigate structural changes of the same MEA before and after fuel cell testing because a small cut-out sample is hard to be reassembled in a PEFC.
An oblique soft X-ray tomography was demonstrated to show its unique ability to observe morphology changes of the same MEA before and after fuel cell testing (Deevanhxay, et al., 2014) . The oblique tomography can reconstruct 3D images after acquiring the sets of radiographs of a sample by a detector located oblique to the X-ray axis. The sample should be rotated in a fixed plane perpendicular to the X-ray axis. This geometrical configuration is advantage for visualization of a large planar sample like MEAs and is much popular as a diagnostic tool for electronic board and solderjoint inspection. Application of this technique for investigation of degradation of a MEA revealed that start-up and shutdown (SU/SD) cycle with anode gas switching from hydrogen to air severely damaged the MEA more than load cycle and wet/dry cycle operation. Microstructure of the same location of the MEA was compared in a series of experiment and showed carbon corrosion in the CL at the cathode side observed at the outlet of the fuel cell after SU/SD experiments. On the other hand, carbon corrosion at the cathode inlet and center, and at all positions of the anode side, was not been observed. This technique can be a powerful tool to diagnose a degradation process of MEAs with other accelerated test protocols. Establishing models for the cracks and the interfacial voids in the MEAs is highly important for carrying out reliable numerical simulations in PEFCs, because the cracks and the voids affect performance and durability of PEFCs. As mentioned before, the cracks and the interfacial voids were formed in the degraded MEA after accelerated stress tests, suggesting a poor electrical contact between the layers in the MEA attributed to the cracks and voids.
Modeling and simulation of the cracks and the interfacial voids in the MEAs
Water transport in the MEAs is also strongly affected by the cracks and the interfacial voids. The liquid water moves from the small pores to the large pores due to the capillary pressure gradient in the conventional MEAs with a hydrophobic treatment carried out. Accordingly, the liquid water is easily trapped in the cracks and the voids. Liquid water trapped in the void spaces near the catalyst layers, such as the CL|MPL interface or the CL|GDL interface, deteriorates transport of reactant gases by blocking gas paths as indicated in the literatures (Kotaka, et al., 2014 , Ahn, et al., 2012 . To model the interfacial voids, Kotaka et al. utilized a bi-layer model to consider liquid water transport at the CL|GDL interface in which the surface region of a GDL was assumed to have a higher porosity than that of the core region of the GDL. In another approach, the CL|MPL interface was modeled according to their surface properties, and two-dimensional simulation in the CL and the MPL has been performed . Interfacial gaps between the CL and MPL were reconstructed and showed their effects on mass and charge transport resistance, resulting in both reaction and temperature distribution within the cathode. A model that couples a continuum fuel cell model with a discrete liquid water percolation model has been recently developed to analyze effects of the GDL on the water distribution and fuel cell performance (Alink and Gerteisen, 2014) . The results in their model also indicated an accumulation of discrete liquid water at the CL|GDL interface, preventing the oxygen diffusion in the electrode when no MPL was applied.
The cracks in the MEAs should be also modeled with transport properties related with density, length, width and depth of the cracks in the MEAs, because the cracks possibly provide liquid water paths from the CL through the GDL. The drainage of liquid water from the CL to the GDL through the cracks was directly visualized by Soft X-ray radiography (Sasabe, et al., 2011 , Deevanhxay, et al., 2013b . Optical visualizations of water droplets growth in the cathode cracks was performed with cell polarization and showed the possibility to decrease both cell drying and flooding attributed to the cracks, although a specially-designed planar micro-air-breathing PEFC was investigated (Karst, et al., 2010) . A conventional continuum model used for the porous media in PEFCs cannot be readily applied for the MEAs with the cracks. Due to the cracks, both liquid and gas phase transport in PEFCs are considerably enhanced and inhomogeneity of crack distribution in the MEA resulting in non-uniform transport should be also considered in the modeling as seen in structured soils with fractures (Köhne, J. M., et al., 2009 ). Caulk and Baker proposed a simplified model assuming uniform liquid pore saturation and neglecting the capillary pressure gradients required to transport liquid water in MEAs (Caulk and Baker, 2011 ). In the model, their shapes and sizes of the tendrils once formed in a MEA were less related with liquid water transport properties, but this assumption might not cover unsteady and intermittent liquid water drainage process observed in experiments (Lu, Z., et al., 2010) .
To capture the two-phase capillary flow behavior in the MEA, a two-dimensional network model was applied (Medici and Allen, 2010). The effect of an MPL on water transport was investigated. The authors pointed out that the MPL resulted in a reduction of water content in the MEA due to its high percolation pressure attributed to fewer liquid water transport paths through the MPL. On the other hand, an increase in the percolation pressure in the MEA might cause an unwilling mechanical stress to the cell. An MPL with the cracks demonstrated its better liquid water removal as shown in Fig.12 and the percolation pressure was less increased, showing an advantageous role of the cracks in the MPL. Lattice Boltzmann simulation has been also applied to investigate two-phase flow behaviors in the cathode with a crack (Suzuki, et al., 2013) . Both pore network modeling and lattice Boltzmann simulation can resolve microscopic two-phase flows in a porous media with morphologies and surface properties taken into account. Results in detail obtained by these methods should be utilized to develop a continuum model in which effects of the cracks and the interfacial voids are fully considered.
Future perspectives and remaining challenges
The cracks and the interfacial voids occupy a small fraction of the MEAs. However, once these are formed, both performance and durability of the PEFCs are highly affected. In this review, we presented an overview of the cracks and the interfacial voids observed in PEFCs. Current understandings and state-of-the-art of both experimental and numerical approaches are summarized.
To clarify effects of the cracks and the interfacial voids, further developments of characterization and diagnostic methods are greatly needed especially for evaluating structures-to-properties relationship in the MEAs. It is not fully explored how the size and geometry of cracks in the MEAs affect the cell polarization that should be also influenced by operating conditions, cell current, temperature and relative humidity. The cracks and the voids have been unintentionally formed so far in both fabrication and operation processes of PEFCs, because keeping a homogeneity of the electrodes has been a primary importance. However, more recently, it is emphasized that the perforations and the holes in the MEAs give rise to show either positive or negative effects on the transport process in the MEAs (Manahan and Mench, 2012) , depending on operating conditions of the cell. This may give us one possible direction to make cracks in the MEAs intentionally and optimal crack properties might be different at the ribs and the channels, because water accumulation and drainage behaviors are considerably varied under these regions. Fully-controlled cracks can enhance both the gas and liquid transport in the MEAs and thereby the development of the fabrication process to achieve this demand with low and/or zero additional cost would be one of the challenging issues, while conventional crack-free approaches controlling the pore size, hydrophilic/hydrophobic properties of MEAs are also encouraged together towards ultimate goals.
Another challenging field is found in modeling and simulations in relation with the cracks and the voids in the MEAs. The mechanical behaviors and fabrication process of the MEAs with the cracks and the interfacial voids are not fully explored. A deterministic contact mechanics model to evaluate local deformation of the electrode interface was found in the literature (Zenyuk, et al., 2013) . Acquiring fundamental understandings on the mechanical behaviors and fabrication process of the MEAs contains open questions as an interdisciplinary research subject and is inevitably important for further development of high performance and long durability PEFC systems. 
